A three-dimensional ray tracing model with aiming algorithms for global positioning system (GPS) signal is proposed to make simulations conform to the realistic radio occultation (RO) signal propagation. The two aiming algorithms used in this study ensure the initial and end point ray trajectories are located in the prescribed region. In past studies, the ray tracing techniques applied to the RO signal simulation usually assumed a spherically symmetrical atmosphere for simplicity. The exact GPS and low earth orbit (LEO) satellite locations are not considered in the simulation. These two assumptions make the simulation unrealistic for GPS signal propagation in the RO technique. In the proposed model, the shape of the earth is assumed as an ellipse. The information from European Centre for Medium-Range Weather Forecasts (ECMWF) analysis is used to setup the atmosphere in the simulation. Two aiming algorithms are developed to determine the initial signal propagating direction to make the simulated signal start from the prescribed GPS satellite position and end in the close vicinity of the LEO satellite position. An ideal spherical symmetric atmospheric structure is used to verify the ray tracing model. The fractional difference between real and simulated refractivity results is less than 0.1%. Otherwise, the GPS and LEO satellite position in the Formosat-3/COSMIC observation and the ECMWF analysis, considering the earth's flattening, is also used to verify the aiming algorithms. All of the simulated signals end in close vicinity to the LEO satellite position in the simulation results.
INTRODUCTION
The radio occultation (RO) technique has been used to explore the atmosphere of planets in the solar system (Fjeldbo et al. 1971; Woo and Ishimaru 1974; Berman and Ramos 1980) . Investigating the earth's atmosphere using the global positioning system (GPS) with the RO technique becomes promising. As shown in Fig. 1 the GPS signal is bent and delayed due to the atmospheric refractive index gradient, and received by the low earth orbit (LEO) satellite. The bending angle (α in Fig. 1) is the angle between the signal vector transmitted from the GPS satellite and received by the LEO satellite. Since the signal propagation is affected by the atmosphere, many atmospheric parameters such as temperature and pressure are embedded in the signal characteristics. Therefore, many retrieval algorithms have been developed to retrieve atmospheric parameters of interest (Gorbunov and Gurvich 1998; Feng and Herman 1999; Gorbunov 2002; Igarashi et al. 2002; Jensen et al. 2003; Pavelyev et al. 2003; Kuo et al. 2004; Chiu et al. 2008) . One of the important issues in developing retrieval algorithms is to understand the interaction between the GPS signal and the atmosphere. In the past wave-propagation models based on the ray tracing technique were applied in the RO signal simulation. The ray tracing technique has been applied to assess the impact of data assimilation (Zou et al. 1999; Liu and Zou 2003; Zhang et al. 2004 ) and support the RO observation (Lusignan et al. 1969; Beyerle and Hocke 2001; Yeh et al. 2012) . It also has been applied to develop retrieval methods or estimate retrieval errors (Zou et al. 2002; Jensen et al. 2003; Chen et al. 2006; Li and Kiang 2011; Mannucci et al. 2011) .
The ray tracing technique based on geometrical optics is used to calculate the path of the ray or the particles propagating through a system. For different applications, the assumptions of the ray tracing operators are different. When the ray tracing technique is used to support the RO observation and retrieval methods, the refractive index profiles of the earth's atmosphere is often assumed to be spherically symmetric (Beyerle and Hocke 2001; Jensen et al. 2003) . Based on the spherical symmetry assumption, the Abel transform, which is an integral transform pair relating bending angle profiles and refractivity profiles (Fjeldbo et al. 1971) , can be used under this assumption in the retrieval process. In such cases, the orbits of GPS and LEO satellites and the signal trajectories are assumed to be in the same plane as the earth's center.
For data assimilation, besides the retrievals of temperature and humidity (Kuo et al. 2000) , the bending angle as a function of a ray impact parameter and the refractivity as a function of altitude are two additional types of GPS RO observables (Poli and Joiner 2004) . The simulated bending angle and refractivity profiles can be used to assess the impact of data assimilation. For this purpose the earth's atmosphere is assumed to be nonspherically symmetric. The analytic atmosphere models, such as the National Centers for Environmental Prediction (NCEP) and the European Centre for Medium-Range Weather Forecasts (ECMWF), are used in the ray tracing operator (Zou et al. 1999 (Zou et al. , 2002 Liu and Zou 2003; von Engeln et al. 2003; Zhang et al. 2004; Chen et al. 2006) with the elliptical earth. Nevertheless, the initial and end points of the signal in the former ray tracing operators are not considered to correspond to the position of the GPS and LEO satellites.
A ray tracing model that conforms to the realistic RO signal propagation is developed. In order to ensure that the signal propagation started at the initial point and stopped close to the prescribed end point, two aiming techniques are developed in the algorithm to control the initial direction of the signal at the initial point. Furthermore, the shape of the earth is assumed as an ellipse and ECMWF analysis, which is a global coverage analysis model, is used to describe the structure of the atmosphere. The initial and end points, which are fixed to the position of GPS and LEO satellites, are recorded in Formosat-3/COSMIC (Liou et al. 2007 ) RO observation data. During signal trajectory integration the refractive index at the given point in the atmosphere is calculated from the near ECMWF grids using cubic spline. The simulation output is the excess signal phase which is the basic parameter of RO observations. The retrieval method in Chiu et al. (2008) is used to retrieve the bending angle profiles from the ray tracing procedure simulation results. In order to examine and demonstrate the algorithm, the ideal structure of spherically symmetric atmosphere is used to verify the ray tracing model and the ECMWF analysis with the earth's flattening is used to demonstrate the aiming algorithms.
The ray tracing technique is first developed in section 2. In section 3, the comparisons of simulation and retrieval results are displayed, followed by the conclusions.
RAY TRACING TECHNIQUE
In an RO event the signals propagate through only a small portion of the atmosphere, with the transmitting and receiving positions recorded. The GPS signals are more strongly affected by only the local atmospheric events, such as typhoons and gravity waves. Therefore, in order to study the effect of particular atmospheric events on the received RO signals, the ray tracing model based on ECMWF analysis is developed to simulate the electromagnetic wave propagation in the earth's atmosphere. The model development will be described and explained in the following. Figure 2 shows a flowchart of the proposed ray tracing procedure. The main procedure input parameters are the times for the RO events, the initial and end points of the signal trajectories which correspond to the GPS and LEO satellite positions. By running the ray tracing procedure, the bending angle profile of the GPS signal propagating in the atmosphere can be obtained. The ray tracing procedure input parameters can be found in atmospheric atmPhs files provided by the Taiwan Analysis Center for COSMIC (TACC). In the procedure, the signal trajectories will first be deduced and each trajectory that starts at the initial point must stop close to the prescribed end point. Therefore, the simulated trajectories will correspond to the atmPrf file measurement results provided by TACC. The first step in the flowchart is to set up the refractive index distribution in the earth atmosphere based on the ECMWF analysis. Since the ECMWF analysis is updated four times per day it is able to provide atmospheric parameter profiles close to the time when the RO events took place. More details regarding ECMWF analysis application will be given in section 2.2 of this section.
Procedure of the Ray Tracing Technique
The signal trajectories of the RO events are deduced and simulated in steps (2) -(6) in the flow chart. It is difficult for the simulated trajectory to end exactly at the prescribed end point due to the numerical errors and complex atmosphere. In step (2), a tolerance region centered at the prescribed end point is used in the procedure. The simulated end points are controlled to fall within the tolerance region. The geocentric distance of the simulated end point is the same as the geocentric distance of the prescribed end point. The tolerance region details will be described in section 2.3 of this section.
Step (3) is about the signal propagation simulation in the earth's atmosphere based on the geometrical optics. The details of step (3) will be described in section 2.4 of this section.
The GPS signal trajectories will also be deduced. At the initial point, due to the wide antenna beam width the signals are emitted in many directions and generally only one of the emitted signals will be received by the LEO satellite. In the simulation, it is difficult to determine the initial propagation direction that will lead the signal to the prescribed end point (position of LEO satellite). Due to the nonspherical symmetry of the earth's atmosphere it is difficult to match the simu-lated end point exactly with the prescribed end point, especially when the signal propagates through the atmosphere at low altitude. In steps (4) -(5), two aiming algorithms are applied to determine the initial signal trajectory and control the simulated end point to fall within the tolerance region of the prescribed end point. The details of steps (4) -(5) will be described in section 2.5 of this section. When the simulated end point in steps (3), (4), or (5) falls within the prescribed end point tolerance region the procedure proceeds to step (6) to calculate the excess trajectory phase and then goes back to step (3) to deduce the next signal trajectory. The details of step (6) will be described in section 2.4 of this section. After simulating all trajectories for the RO event the procedure proceeds to step (7) to retrieve the bending angle profile described in section 3.
Setup of Atmosphere Refractive Index Based on ECMWF Analysis
The first step in conducting this simulation is to set up the refractive index distribution in the atmosphere. Earth flattening is considered in the simulation (Syndergaard 1998) . Because the earth is spinning the shape of the earth is oblate which causes the local curvature center of refractivity contours around the globe to vary with respect to the center of the earth. An ellipsoid can be used to represent the geoid shape due to gravity and hydrostatic balance (Kursinski et al. 2000) . The earth's shape in this research is assumed to be an ellipsoid. The semi major and semi minor axes are set to 6378.16 and 6356.77 km, respectively. The setup of the refractive index in the atmosphere is based on the ECMWF analysis. Since the ECMWF analysis is updated four times per day, the analysis that is nearest the RO event occurrence time is chosen for the simulation. In the ECMWF spatial coverage a coordinate grid is set up on the earth's surface from 0.0° -358.5°E and 90°N -90°S. The grid cells are 1.5 × 1.5 degree. The information given at each grid point contains 37 pressure levels and the corresponding temperature and altitude. The information is updated 4 times per day. With the given pressure and temperature, the refractive index is calculated using (Thayer 1974), . . . N T P T e T e 77 604 64 79 3 776 10 5
where N, P, T, e, and n are the refractivity, dry pressure (mb), temperature (K), wet pressure (mb), and refractive index of the atmosphere, respectively. We neglect the wet pressure and the refractive index is assumed to be 1 when the altitude is over 100 km. When the altitude is lower than 100 km, the refractive index is obtained by interpolating or extrapolating the discrete refractive profiles calculated from ECMWF analysis. Figure 3 shows the diagrammatic tolerance region used in the simulation. The crosses in Fig. 3 are the prescribed end points, which correspond to the positions of the LEO satellite along the orbit. The LEO satellite receives a periodic GPS signal. For example, the satellites in Formosat-3/COSMIC mission record the GPS signal information every other 0.02 sec. Therefore the distance between two adjacent prescribed end points is approximately the same. The tolerance region for each prescribed end point is set to be a sphere centered at the prescribed end point. The maximum tolerable radius of each sphere is half the distance between two adjacent prescribed end points, as shown in Fig. 3 . If the sphere radius is larger than the maximum tolerable radius, the angle θ, which is the geocentric angle between the GPS satellite and the simulated end point, may not vary monotonically, causing calculation problems in the retrieval process. We use the maximum tolerable radius for the tolerance region.
Tolerance Region

Signal Propagating Process
After refractive-index distribution setup the procedure proceeds to determine the signal trajectory with the prescribed initial and end points. In this process, the trajectory with the highest altitude is first simulated because of the atmosphere effect on signal propagation at high altitude is less than that at low altitude. As mentioned in section 2.2 of this section, the atmosphere effect is considered only from 0 -100 km in altitude. Therefore, the highest altitude of the atmosphere is set to be 100 km.
In the algorithm, the signal propagation follows geometric optic rules. The relation between the position vector and refractive index is given by Born and Wolf (1999) , 
where n x 2 2 , n y 2 2 , and n z 2 2 are the three component of n d . If the initial point and initial direction of the trajectory (the tangential vector of the trajectory at the initial point) are known in advance, the signal trajectory path can be obtained.
However, since the signals are radiated in many directions due to the wide antenna beam width, it cannot be known in advance which initial direction will lead the signal trajectory to the prescribed end point. Therefore, aiming techniques, which will be described later, are developed to search for the correct initial direction. With the aiming techniques the signal trajectory will be deduced iteratively. In the i-th simulation of the iteration, the trajectory is described by the set of N + 1 points: { P j i }, where i indicates the i-th iteration, and j denotes the j-th point in the trajectory and 0 ≤ j ≤ N i . Therefore, P i 0 and P N i i denote the initial and simulated end points, respectively, in the i-th iteration. The simulation of the signal trajectory is an iterative process, and it will continue until the simulated end point is located within the tolerance region of the prescribed end point. Figure 4 depicts the simulation of the i th signal trajectory. The value of n x 2 2 , n y 2 2 , n z 2 2 , and dn ds at P j i have to be known to obtain the position of P j i 1 + . The calculation of n x 2 2 , n y 2 2 , n z 2 2 , and dn ds are shown in Fig. 5 
Substituting Eqs. (6) into (5) and solving Eq. (5) using the Runge-Kutta method (Press et al. 1992) , the position of P j i 1 + can be obtained.
To perform the simulation mentioned above, it is necessary to calculate the refractive index at any given point in the atmosphere. Figure 6 shows that the given position P j i and the 16 adjacent grid points in ECMWF analysis. The refractive index calculation process is described as follows:
(1) Calculate the distance from P j i to the earth center.
(2) Choose the 16 adjacent grid points, as shown in Fig. 6 .
Calculate the altitude at each grid point by using the same distance obtained in (1). Due to the earth's flattening, the altitude of each grid point is different. (3) If the altitude of each grid point is lower than the highest altitude provided by ECMWF analysis, the refractive index is interpolated by the 37-points refractive profiles from ECMWF analysis using the cubic spline method (Press et al. 1992 ). If the altitude is higher than the highest altitude provided by ECMWF analysis, the refractive index is exponentially extrapolated by the first and second highest altitudes provided by the 37 points refractive profiles calculated from ECMWF analysis. (4) With the refractive indices at all 16 grid points, the refractive index at P j i will be calculated by using the bicubic interpolation (Press et al. 1992) .
After the signal trajectory is determined the phase path of the signal in RO is calculated using,
where s is the signal trajectory length and L is phase path. The excess signal phase in RO is calculated using
where r L and r G , as shown in Fig. 1 , are the LEO and GPS satellite position vectors, respectively. When the simulated end point falls within the tolerance region and does not match the LEO satellite position, r L in Eq. (8) is the simulated end point position vector used to calculate the excess phase.
Aiming Algorithms
In the first iteration of the trajectory simulation, the initial GPS signal direction is set to the direction from the initial point to the prescribed end point, vector IA as shown in Fig. 4 . The signal trajectory is not a straight line due to refraction by the inhomogeneous atmosphere, so the simulated end point generally will not fall within the prescribed end point tolerance region. Two aiming algorithms will be developed and used to adjust the initial direction. The first aiming algorithm is described as follows.
(1) In i-th iteration shown in Fig. 4 , the initial direction and the simulated end point are denoted as t i 0 S and P N i , respectively. (2) Find the vector IS as the vector from P i 0 to P N i , and IA from P i 0 to the prescribed end point. Calculate the vector { as IS IS IA IA { -= .
(3) Adjust the vector of the initial direction with { , as ( ) t t t
Then start the (i + 1)-th iteration and check if P N i 1 + is in the tolerance region of the prescribed end point.
The first aiming algorithm is ceased based on the following two conditions: (1) the simulated end point is located within the tolerance region; (2) incorrect simulated end points surround the prescribed end point. The first aiming algorithm will keep running at first. If condition (1) cannot be met and condition (2) is met, the iteration is then stopped and the second aiming algorithm is activated. Condition (2) is used to ensure that the two dimensional interpolation in the second aiming algorithm can work. At low altitude the refractive index varies more rapidly than it does at high altitude. The first algorithm could fail after much iteration. The second aiming algorithm is illustrated in Figs. 7 and 8. The symbols in Fig. 7 are the directions of the initial vectors used in the second aiming algorithm process. The asterisk and the solid line in region Fig. 8 are the coordinates for the prescribed end point and the tolerance region, respectively. The other symbols are the corresponding simulated end points in Fig. 7 .
The second aiming algorithm process is described as follows.
(1) Since the prescribed end point is surrounded by incorrect simulated end points using the first aiming algorithm, the correct initial vector should also be surrounded by incorrect initial vectors. In Fig. 7 , the direction of the incorrect simulated end points was determined using the first aiming algorithm, denoted by the triangle symbols forming a dashed-line rectangular area from their maximum and minimum locations on the axes. The dashedline rectangular area can be used to create n × n grid cells to contain the directions of the initial vectors. In this study n = 8 and the directions of the initial vectors are denoted by the cross symbols in Fig. 7. (2) After simulating the signal trajectories using each initial vector the distance between the prescribed and simulated end points can be calculated, which are the distances between the asterisk and crosses in Fig. 8 . The relation between the initial vector and the distance from the simulated and prescribed end points is obtained using bicubic interpolation (Press et al. 1992 ).
(3) The relation between initial vector and the distance from the simulated and prescribed end points is used to calculate the bicubic interpolation to find the minimum distance between the simulated and prescribed end points. The corresponding direction of the initial vector is used with the minimum distance to simulate the signal trajectory and find the simulated end point. The plus signs in Figs. 7 and 8 are the final initial vector direction and the corresponding simulated end point, respectively. (4) If the simulated end point of the final initial vector is not located in the tolerance region, like the plus sign in Fig. 8 is not located in the solid line region, the process can be applied more than twice. The surrounding region of the directions of the initial vectors should be smaller. The squares in Figs. 7 and 8 are the directions of the initial vectors and the coordinates of corresponding simulated end points in second time process, respectively. The diamonds in Figs. 7 and 8 are the final initial vector direction and corresponding simulated end point of second time process, respectively. The simulated end point of second time process is located in the tolerance region.
RESULTS AND COMPARISON
The ray tracing simulation procedure described previously will be demonstrated using two cases with different atmospheric structures. In addition to the simulated signal trajectories for RO, the corresponding parameter profiles will be retrieved and compared with other results. The two atmospheric structures are:
(1) The spherical symmetry atmosphere. In this simple case, the validity of the simulation can be preliminary examined.
(2) The atmosphere described by the ECMWF analysis was recorded on the 172 th day of 2008. The retrieved profiles of the bending angle will be compared with 4 profiles retrieved from the data recorded by Formosat-3/COSMIC satellites in the same day. The first case is used to verify the ray tracing model and the second case is used to demonstrate the aiming algorithms. In these two cases, profiles of atmospheric parameter will be retrieved from the excess phase obtained from the ray tracing simulation.
Numerical Test with Spherically Symmetric Atmosphere
A case of spherically symmetric atmosphere is applied in the ray tracing algorithm. In the simulation, as shown in Fig. 9 , the shape of the earth is a sphere and the atmospheric refractivity (N) is described by the following equation Where h is the altitude in kilometers. The altitude range in the atmosphere is 0 -100 km. The GPS and LEO satellite altitudes are set at 20200 and 750 km, respectively. The excess phase is simulated following the signal propagating process in section 2.2 and 2.4. The retrieval process in Chiu et al. (2008) is used to retrieve the refractivity profile using the simulated excess phase. The first step to retrieve the bending angle profile is to obtain the impact parameter by using the relation between the phase path of the signal and the impact parameter (Jensen et al. 2003) dL ad r r a dr r r a dr
where L is the phase path of signal, a is the impact parameter, and i is the geocentric angle between r G and r L , respectively, as shown in Fig. 1 . From the RO signal propagation diagram in Fig. 1 , it is found that 3 a i = , where a is the bending angle, and θ 3 = θ -(θ 1 + θ 2 ). Finally, the bending angle can be calculated using 
where n(a p ) is the refractive index at a p , a p is the impact parameter at perigee, a top is the maximum altitude for integration, a is impact parameter, and ( ) a a is the bending angle at a, is applied to obtain the refractivity profile from the bending angle profile. Figure 10 shows a comparison between the retrieved refractivity profile and the one calculated by Eq. (9). From Fig. 10 , the absolute fractional difference between the real and simulated results is less than 0.1% and it indicates the ray tracing model is workable. The difference comes from the numerical errors in the integration of signal propagation and Abel transform. For example, when integrating the Abel 
The refractive index profile can then be obtained. The Abel transform error mainly comes from the linear relation assumption between r and a in the range from a j to a j + 1 , which is inevasible.
Comparison with AtmPrf Data from Formosat-3/COSMIC Mission
The 4 atmPhs file satellite information in DOY 172 of 2008 from the Formosat-3/COSMIC mission was selected first. The ECMWF analysis from the same day was used to set up the atmospheric structure in the ray tracing simulation. The atmPhs files contain the atmospheric excess phases and auxiliary data used for generating atmospheric profiles and also the observation time and GPS and LEO satellite positions. The observation time and GPS and LEO satellite positions are required to determine the position of the initial points, and prescribed end points in the ray tracing simulation. Once the signal trajectory is determined the bending angle and refractivity profiles are calculated using the retrieval procedure described in the last subsection. It is noticeable that a new local earth curvature center (Syndergaard 1998) should be defined and calculated before the retrieval procedure. The Harris method (Harris 2006 ) was used to determine the radius and radius vector of the local curvature. The retrieved bending angle and refractivity profiles are then compared with the raw (unoptimized) bending angle and refractivity profiles recorded in the atmPrf profiles, respectively. The atmPrf files contain the bending angle, refractivity, and dry temperature atmospheric profiles retrieved from the data in the corresponding atmPhs files. Figure 11 shows the comparison, difference, fractional difference of the retrieved results from simulations with the corresponding retrieved results from atmPrf files, positional difference, the comparison of refractivity between the retrieved results from simulations with the corresponding retried results from atmPrf files and interpolated ECMWF profiles at the signal trajectory tangent points, and negative gradient of refractivity at the signal trajectory tangent points. The dashed lines are the retrieved bending angle and refractivity profiles. The dotted lines are the refractivity profiles derived from ECMWF at tangent points of trajectories. The positional difference is followed the equation (P s -P p )/R t , where P s , P p , and R t are the position of the simulated end point, prescribed end point, and the radius of tolerance region. In the positional difference profiles, all of the simulated end points for the RO events are located in the tolerance region using aiming techniques. The positional difference profiles show the aiming algorithms in the model are practical. In the ray tracing technique, the default initial vector will make the simulated end points farther away from the advanced points when the signal propagates through low altitude. Furthermore, due to the complex atmospheric situation in the troposphere at low altitude, the signal propagating through the region often tend to bend toward the earth's surface causing the simulation signal to stop. Therefore the lowest altitude in simulation is only about 10 km. In Figs. 11a -d , the fractional difference between the simulated and atmPrf bending angle profiles higher than about 11 -12 km in altitude is between -10 and +10% except for the obvious peak at about 13 km in Figs. 11c and d . Below about 11 -12 km the fractional difference becomes negative and decays to a lower fraction with altitude decrease. The decay fraction is due to the effect of water vapor. In this study, only dry pressure is considered and neglected the wet pressure. Lacking wet pressure, the refractivity is less than realistic refractivity and causes smaller bending angle. The peak at about 13 km in Figs. 11c and d is caused by the violent change of refractivity. In the right panels of Figs. 11c and d , the profiles of negative gradient of refractivity have a hump at about 12 -13 km in altitude. The violent change of refractivity causes the violent change of bending angle.
CONCLUSIONS
Ray tracing techniques have been applied to RO simulations to support retrieval algorithms and assess the impact of data assimilation. In the past, most of the applications of ray tracing techniques in RO simulation used some simplifying assumptions. For example, the earth's atmosphere is assumed to be spherically symmetric so that the Abel transform can be applied to the retrieval process. We developed a modified ray tracing model. In the model, the earth's is assumed to be an ellipse and the atmosphere is constructed using ECMWF analysis. Two aiming algorithms were developed in the model to determine the initial direction of Fig. 11 . The comparison results between retrieval bending angle profiles between simulation results and atmPrf files of Formosat-3/COSMIC in TACC website. The dash lines are the results of retrieval process. The solid line is the profile recorded in atmPrf file. The panels in each plot from left to right are bending angle profiles, difference of bending angle profiles, fractional difference of bending angle profile, positional difference, refeactivity, and negative gradient of refractivity at tangent points of trajectories. The dotted line is the refractivity profile derived from ECMWF. The atmPhs and atmPrf files used for simulation and comparison are atmPhs_C004.2008.172.07.08. G30_2010.2640_nc, atmPhs_C004.2008 .172.23.07.G30_2010.2640_nc, atmPhs_ C005.2008 .172.00.11.G32_2010.2640_nc, atmPhs_C005.2008 .172.10.42.G28_2010.2640_nc, and atmPrf_C004.2008 .172.07.08.G30_2010.2640_nc, at-mPrf_C004.2008 the signal trajectory and make the trajectory begin at the described initial point and end within the tolerance region centered on the prescribed end point. The simulation results from the model are compared with two atmospheric cases. Based on the comparisons, the ray tracing model and the aiming algorithms are workable and can be used to simulate signal propagation in RO technique to understand the interaction between the GPS signal and the earth's atmosphere.
